Obstructive lung disease is the most common form of respiratory disturbance. However, the location of brain structures underlying the ventilatory response to resistive expiratory loads is unknown in humans. To study this issue, midsagittal magnetic resonance images were acquired in eight healthy volunteers before and after application of a moderate resistive expiratory load (30 cmH 2 O/liter/s), using functional magnetic resonance imaging ( 
Introduction
Appropriate ventilatory responses to bronchoconstriction and airflow obstruction are essential for maintenance of gas homeostasis in pulmonary disease. For example, perception of expiratory loads may be preserved in mild asthmatics (1) , while such perceptions are diminished in a subset of asthmatic patients who are at increased risk for developing respiratory failure and sudden death (2) .
Studies on central mechanisms underlying respiratory sensation and consequent voluntary or automatic ventilatory response to expiratory loads in humans have either used subjective techniques involving psychophysical studies (3), or evoked potentials (4) . Such studies documented the importance of higher brain areas in breathing. Ramsay and colleagues (5) visualized primary motor-sensory cortical activation during volitional expiration using positron emission tomographic (PET) 1 techniques (5) . Other brain regions, such as the supplementary motor area, lateral pre-motor area, thalamus, and cerebellum, also demonstrated significant activity enhancements (5) . Such studies suggest that multiple brain structures are involved in the integrative response to respiratory stimuli. Identification of activated brain regions in humans after resistive loading should provide important insights into sensory, motor, and integrative components of ventilatory control mechanisms.
Functional magnetic resonance imaging (fMRI) procedures allow noninvasive visualization of human brain sites during application of specific stimuli or task paradigms (6) (7) (8) (9) . Such procedures demonstrate that regional neural activation of several brain structures occurs in response to enhanced central chemoreceptor drive elicited by changes in inspired carbon dioxide concentrations (10) , as well as after application of inspiratory resistive loads (11) . Of particular interest, brainstem loci underlying ventilatory responses to respiratory stimuli were identified for the first time in humans. Visualization of pontomedullary regions by fMRI is not marred by inherent reconstruction artifacts of PET, such that fMRI emerges as the most promising technique for assessing functional relationships of more caudal brain structures. Since increased expiratory resistance is a frequent clinical occurrence, we attempted to determine which brain regions, and in particular which brainstem regions, display enhanced activation to increased expiratory loads in healthy human subjects. In addition, we sought to establish the detection threshold of the fMRI procedure, the load dependency of the response, and the temporal characteristics of the fMRI signal to short, repeated, and sustained stimulus applications.
Methods
Subjects. 11 healthy volunteers (10 males and 1 female; aged 28-46 yr) were studied, after giving informed consent. The study was approved by the Institutional Review Board at both institutions.
Magnetic resonance (MR) imaging. The imaging device consisted of a 1.5-T MR scanner (General Electric Signa System, Milwaukee, WI) with a standard head coil. To minimize subject and head motion during the scanning procedures, snug-fitting foam attachments were used. Routine T1-weighted coronal and sagittal scout images were performed to identify the planes for subsequent imaging. Spoiled gradient acquisition in steady state images were acquired using the following scanning parameters: repetition time, 72 ms; echo time, 45 ms; flip angle, 30 Њ ; 128 ϫ 256 matrix and 1 number of excitations; 26 cm field of view, with a 5-mm slice thickness. The spatial resolution achieved was 10.3 mm 3 /voxel. Images were acquired from a sagittal plane slightly off midline (Fig. 1 A ) , during baseline and expiratory loading conditions. Since the imaging approach in this study allows only for monoplanar acquisition over time, the selected sagittal plane aimed to optimize imaging of regions contained within brainstem and basal forebrain at the expense of less reliable representation of cortical structures. Therefore, the latter regions were not specifically explored. Each scan required ‫ف‬ 9.5 s.
Stability of the MR unit was verified with serial spoiled gradient acquisition in steady state imaging of a standard Daily Quality Assurance phantom (model 46-28297861; GE Medical Systems, Milwaukee, WI). 60 images were intermittently obtained over a period of 18 min, and signal drift was not observed. The average signal variation ranged from 0.18 to 0.34% in high and low signal intensity regions of the phantom, respectively.
Test protocol. Subjects were imaged while lying comfortably in the scanner and breathing via a mouthpiece through a two-way nonrebreather respiratory valve (Hans Rudolph, Kansas City, MO) with nose clips. The dead space of the system was ‫ف‬ 40 ml, and resistance to airflow was measured at Ͻ 0.012 cmH 2 O/liter/min for flow rates ranging from 0 to 200 liter/min. 15 images were acquired during baseline, unloaded conditions. Eight subjects then breathed through a flow-resistive load or resistor applied to the expiratory limb of the nonrebreather valve, which consisted of a plastic tube of 4 mm in diameter and 100 mm in length, eliciting an approximately constant resistance of 30 cmH 2 O/liter/s at flows between 5 and 30 liter/min. A second set of 15 images was obtained, after which the load was removed, and 60 additional images were consecutively acquired. This time interval was established previously to allow for return of fMRI signal in activated sites to stable baseline values (11) . At this point, the load was reapplied, and 45 images were successively obtained.
To determine dose dependency of responses, we studied three additional subjects, and sets of 15 images were obtained at baseline and at increasing expiratory resistances of 0, 5, 10, 15, 30, and 45 cmH 2 O/liter/s. One trial with a resistive load of 60 cmH 2 O/liter/s elicited unacceptable motion artifacts, and further experiments with such loads were not pursued. Resting periods of ‫ف‬ 15-20 min were allowed between resistor applications, which were introduced in random order.
Data analysis. Images from each subject were transferred to a Sun Sparc Station 2 (Sun Microsystems, Mountain View, CA). Each image collected during application of expiratory load was digitally subtracted from the corresponding image obtained during baseline conditions, using an image processing routine written in ANSI C. The resultant subtraction images were then averaged and subjected to ANOVA on a pixel-by-pixel basis. In addition, resultant gray-scale subtraction displays were pseudocolored with reference to a difference scale that corresponded to a P Ͻ 0.01. Region of interest (ROI) analyses for signal intensity were performed for each image in regions determined from visual inspection of activation images. Defined ROI, ranging from 6 to 64 mm 2 (6-72 pixels), were placed in every activated region, while avoiding visible vessels, inner table of skull, or cerebrospinal fluid-containing areas. Average pixel intensities from each ROI were obtained on all images from each subject to generate signal intensity versus time curves. Regions revealing significant fMRI signal enhancements during application of an expiratory resistive load in all eight subjects are shown on a pseudocolored scale in which each pixel was assigned either a transparent value when fMRI signal change did not achieve statistical significance, or a pseudocolored scale rank according to percent signal increase which was statistically significant. The pseudocolored scale comprises colors ranging from green (fMRI signal increase of 2%) to red (maximal fMRI signal increase of 12%).
To normalize data across subjects, percentage frame-by-frame changes were calculated for each ROI in each subject by subtracting from the average ROI value of the initial 15 frames. In addition, ROI percent changes were averaged across subjects for each image, and ROI locations across different subjects were matched from individual anatomical landmarks for graphic purposes.
Values for baseline and initial and subsequent expiratory loaded conditions were then subjected to ANOVA procedures, followed by Tukey post-hoc tests, using BMDP statistical software (University of California, 1990, Berkeley, CA). A probability value of Ͻ 0.05 was required to reach statistical significance.
Results
Significant increases in fMRI signal intensity occurred during expiratory loads in several regions which are shown in Fig. 1 . In the sagittal plane, distinct ventral and dorsal medullary sites emerged, with the cuneatus and gracile nuclei activating in the dorsal region. A large portion of the ventral pons and discrete areas within the parabrachial pons and locus coeruleus displayed activation patterns. More rostrally, increased activity developed in the midline dorsal thalamus, basal forebrain, and interpeduncular nucleus. Signal enhancements also emerged in several areas within the cerebellum near the primary fissure on the dorsal surface and medial regions and in midline caudalventral sites (Fig. 1) .
In three subjects exposed to resistive expiratory random load intensities, ROI analysis revealed significant MRI signal increases at loads Ն 15 cmH 2 O in all activated sites (Fig. 2) . Dose-dependent responses emerged in all three subjects at all activated locations, appearing more pronounced in pontomedullary regions (Fig. 2) .
Mean peak changes at various activated regions during initial 30 cmH 2 O resistor application, as well as mean peak changes occurring during second load application, are shown in Table I . In general, a second load was associated with significant decreases in the magnitude of MR signal change at all ROI sites in which a significant signal response occurred.
Frame-by-frame signal analysis during load application revealed a uniform MR signal off-transient pattern across activated structures characterized by an immediate signal return to baseline upon discontinuation of the resistive stimulus (Figs.  3 and 4) .
Sustained application of expiratory loads resulted in progressive MR signal decreases over time within all activated sites. Nadir fMRI signal values were within those measured before initiation of the resistive load. The onset of significant signal decreases occurred after ‫ف‬ 4-6 min of continuous expiratory load application (range: 225-315 s). Both onset times and signal decrease rates over time were similar for all activated sites (Fig. 5) .
Discussion
Enhanced fMRI signals occurred in discrete brain regions with application of resistive expiratory loads to eight healthy human subjects. The data provide initial information on the func- tional topography of the central nervous system response to imposed respiratory loads. Additional experiments in three subjects suggested that, within the limitations of the magnetic field strength, significant regional signal changes emerge only above an expiratory load threshold of Ն 15 cmH 2 O. Furthermore, signals abruptly returned to baseline with stimulus cessation, and subsequent application of an identical respiratory load elicited diminished responses. Finally, sustained stimulus application was associated with gradual decreases in signal to initial baseline values; the declines began within 4 to 6 min of load application. Marked alterations in regional cerebral blood flow and volume, neural tissue metabolic rates, and local oxygen extraction and utilization occur with neuronal discharge (12) (13) (14) (15) (16) . Initial net decreases in regional deoxyhemoglobin are one of the early events of neural activation and can be promptly identified as signal increases by gradient echo and T2*-weighted echoplanar MR imaging pulse sequences (6) (7) (8) 17) . The regionalized decreases in deoxyhemoglobin, which have been confirmed by near-infrared spectroscopy (18) , are postulated to result from excessive capillary blood flow recruitment within activated neural sites, without a concomitant parallel increase in oxygen tissue requirements, since the early phases of neuronal discharge are suggested to be primarily a nonoxidative process (15, 16) . Such surplus of arterial blood flow would induce a decrease in the deoxyhemoglobin concentration of the venous capillary bed draining the activated site, which could be then used as an intrinsic MRI contrast agent by virtue of the different magnetic properties inherent to oxy-and deoxyhemoglobin moieties (6, 17) . Indeed, blood oxygenation level-dependent contrast imaging techniques are based on the paramagnetic properties of deoxyhemoglobin, such that a blood vessel containing deoxyhemoglobin placed in a magnetic field will alter the magnetic field in its vicinity (17) . Distortion of the magnetic field surrounding venous capillaries by deoxyhemoglobin affects magnetic resonance images of nearby abundant water protons, leading to several thousand-fold signal amplification, thus facilitating measurements (17) .
Imaging strategies based on regional oxy-deoxyhemoglobin discrepancies induced by neural recruitment, used in conjunction with specific sensory and motor paradigms, provided for detailed, noninvasive delineation of functional topographic arrangements of cortical regions in the human (6-8, 17, 19-22) . Recent technical improvements have allowed considerable enhancement of signal-to-noise ratios, such that signal changes as large as 20% may be obtained during motor task activation (19) (20) (21) (22) . However, magnetic field strength (23), white matter density of imaged structures (24) , presence of large blood vessels (25) , involuntary motion artifacts, and proximity to airbone surfaces may all affect the inherent variability of fMRI signal. Despite such potential limitations, brain regions as localized as the spinal cord and lateral geniculate nucleus have been imaged successfully during specific sensorimotor tasks (26, 27) . Furthermore, simple motor tasks, such as finger tapping, elicit fMRI signal changes up to 10 SD above the intrinsic variability of the baseline signal (28) . On the other hand, it is possible that the area undergoing activation following a particular paradigm may be smaller than the region demonstrating fMRI signal increases, since tissue served by the venous capillary draining network may extend beyond the neuronal population undergoing activation. Although cautious inferences from the current results to the extent of activation are appropriate, locations demonstrating significant fMRI signal change in this study should be viewed as those brain structures most likely underlying the response to expiratory resistive loads.
The findings in three subjects undergoing graded expiratory load challenges suggest that a sensitivity threshold is inherent to the imaging strategy, since loads as small as 0.5 cmH 2 O . liter Ϫ 1 s can be easily detected by conscious humans (29) . It is possible that only loads which require substantial respiratory system recruitment will elicit sufficiently enhanced regional brain blood flow alterations to allow recognition by these MR parameters. Similar load-dependent increases in dyspnea sensation have been reported for increasing expiratory loads and appear related to the magnitude of respiratory muscle output required to sustain a specific target ventilation (30). The dose dependency of the response suggests that further improvements in signal to noise ratios may eventually reveal regional neural activation to smaller loads.
Certain locations which increased regional activity during expiratory loads coincide with those identified recently in similar experiments using inspiratory resistive loads (11) . However, several differences between the results obtained with these two stimuli should be emphasized. First, expiratory loads were associated with activation of discrete medullary regions which were not identified during inspiratory loads. In addition, although it is difficult to compare among different sets of images involving different experimental subjects with confidence, the magnitude and pattern of MRI signal change differences for the two stimulation paradigms suggest that closely apposed neuronal populations within brain structures may subserve functionally different tasks. Second, a homogeneous pattern of very rapid signal decay to baseline values was observed at all activated sites after removal of the expiratory resistor. In contrast, after inspiratory loads were discontinued, some brain regions, such as the ventral and dorsal pons and basal forebrain, showed slow fMRI signal decreases over time; while in others, immediate signal returns to baseline, similar to those observed in this study, occurred (11) . The significance of such variations in off-stimulus signal kinetics is unclear; they may represent brain regions playing a role in short-term potentiation or system inertia mechanisms of respiration, which may be preferentially activated by inspiratory, rather than expiratory, loads (31). Third, we observed reduced signal increases within activated sites with subsequent expiratory and inspiratory load applications. The mechanisms mediating such reductions in MR signal are unknown and raise the possibility that either rapid load habituation or neural learning processes might lead to reduced numbers of recruited neurons to achieve similar effector responses (32) .
The possibility that habituation may be operative during our studies is further suggested by the observation that MR signal decreased over time with sustained stimulation (Fig. 5) . Indeed, Haxhiu and colleagues (33) demonstrated that the prolongation in expiratory duration associated with an expiratory resistive load gradually returned to control levels when the load was maintained. However, another potential explanation for the gradual MR signal decline may reside in alterations in cellular oxygen extraction and utilization developing during sustained stimulation as well as from improved vasomotor flow regulation. A gradual transition of activated neurons from nonoxidative to oxidative energy pathways would be expected to occur with sustained stimulation (16) , and such an increase in cellular aerobic metabolism would lead to a gradual increase in venous capillary deoxyhemoglobin concentrations with concomitant MR signal decreases. Such an effect would further be accentuated by blood flow returning to metabolically matched, rather than profuse, supply. Indeed, we showed recently that prolonged photic stimulation is associated with an early MR signal increase in the visual cortex which is followed by a progressive signal decrease to control or even subcontrol levels after 2-5 min (34) . Similarly, signal decreases were observed within 3 min of sustained inspiratory loads, indicating that either habituation mechanisms, transition from anaerobic to aerobic cellular metabolic processes, or both become operative over time. Combined studies aiming at relationships between regional blood flow alterations and changes in neural effector outputs during sustained stimulus applications will be critical to decipher the mechanism(s) underling fMRI signal reductions over time.
Both vagal and diaphragmatic afferents appear to play a crucial function in the integrative response to expiratory loads (35) . In contrast, upper airway mechanoreceptors and corresponding afferent projections are not important contributors to the ventilatory response (36) . It should also be emphasized that marked differences in ribcage coordination and ventilatory strategy are observed when expiratory loads are applied to conscious versus anesthetized humans, suggesting that cortical or more rostral mechanisms are operative, and greatly modify respiratory compensation to obstructive loads (37) . However, we did not examine cortical structures in this study.
The vagus has major synaptic relays in pontomedullary structures which heavily project to the cerebellum, basal forebrain, hypothalamus, and cortex (for comprehensive review see reference 38). Thus, activation of midsagittal regions, such as those observed in this study, was anticipated. Afferent activity originating from the lung and thoracic walls in phase with respiration has been recorded in the dorsal columns and dorsal spinocerebellar tract in the cat, and direct collaterals to both dorsal and ventral respiratory groups are also apparent (39) . The dorsal column recruitment may underlie the gracile and cuneate activation observed here. Stimulation of the cervical vagus evokes responses in the nucleus tractus solitarius, ventral respiratory group, and dorsal respiratory group (40) , as well as in the parabrachial and Kölliker-Fuse nuclei of the pons (41), raphe magnus, and locus coeruleus (42) . Diencephalic regions, such as the ventrolateral thalamic nuclei, receive major inputs from the cerebellum (43), and respiratory-related neural activity has been recorded from hypothalamic and other rostral brain sites (44) . Stimulation of certain cerebellar nuclei exerts prominent effects on respiration; the vermis (45, 46) , fastigial (47) , infracerebellar, and anterior interposed nuclei (48, 49) all play significant roles in modulating vagal inputs during unloaded and loaded expiration. In humans, both PET studies of volitional expiration (5) and current studies using expiratory loads support the concept that cerebellar structures are an integral part of the response loop to moment-to-moment spontaneous or imposed alterations in lung, airway, and chest wall loads.
In conclusion, we demonstrate in awake healthy humans the location of activated brain sites contained within a midsagittal plane during application of resistive expiratory loads. The MRI signal changes elicited by this stimulus paradigm display temporal and magnitude dependencies and emphasize both the nonstationary characteristics and potential pitfalls of functional brain MR imaging.
